Abstract: Life-cycle cost analysis (LCCA) is a decision-making tool that allows governing agencies the ability to assess several long-term alternative investment options. This paper presents a LCCA analysis process which integrates the Federal Highway Administration (FHWA) program, RealCost (a road user cost calculation program), the FHWA-endorsed Construction Analysis for Pavement Rehabilitation Strategies (CA4PRS) and Caltrans specific design tools (CalFP and CalAC), into the existing Caltrans LCCA process (a modified version of the FHWA LCCA process). In using tools backed by the FHWA and validated through previous agency use, the presented process has a potential to be replicated on urban corridor improvement projects across the US while aiding agencies in achieving economical sustainability throughout the infrastructure maintenance phases. This paper also fills the gap identified by Ozbay et al. 
Introduction
The American Society of Civil Engineers have estimated a $825 billion backlog of highway and bridge capital needs for the US infrastructure [1] . With this backlog, it is important for state agencies to maximize value gained by making decisions that result in efficiently spending present and future taxpayer dollars. One such process used by agencies that ensures efficient, long-term government spending is the Life-Cycle Cost Analysis (LCCA). Through a case study of the Riverside, California SR-91 Corridor Improvement Project (SR-91 CIP) widening and rehabilitation project, the following paper presents the use of the Construction Analysis for Pavement Rehabilitation Strategies (CA4PRS) program to incorporate road user and agency costs into a modified US Federal Highway FHWA's suggested process has eight steps: (1) establish alternative pavement design strategies; (2) determine performance periods and activity timing; (3) estimate agency costs; (4) estimate RUCs; (5) develop expenditure diagrams; (6) compute net present value; (7) analyze results; and (8) reevaluate strategies [14] .
Life-Cycle Cost Analysis Existing Literature
Efforts have been made to document LCCA state-of-practice for highway construction across the US (i.e., Peterson [12] , Zimmerman et al. [17] , Ozbay et al. [2] , Rangaraju et al. [18] , Babashamsi et al. [19] , Flannery et al. [3] ) though implementation still varies significantly from state to state. To aid agencies in their LCCA implementation, existing literature has also been dedicated to optimizing the process models. Early research in pavement LCCA was dedicated to proposing models that analyzed pavement life-cycle costs [9] and optimized life-cycle disutility, the ratio of costs and performance [20] . Research has continued to build upon the foundational LCCA models, adding uncertainty-based approaches to handle the input variabilities and project risks [21] [22] [23] [24] and incorporating variables such as energy consumption and greenhouse gas emissions in the analysis Zhang et al. [25] . Despite literature's attempt to aid agencies, in an investigation of the differences between state-of-practice and state-of-art, Ozbay et al. [2] found several gaps between the theoretical and actual LCCA applications including the treatment of uncertainty, timing of future rehabilitation activities and the inclusion of RUCs.
The issue of the inclusion of RUCs into the LCCA process is echoed throughout literature. Calculation of RUCs is the area that agencies are most significantly lacking in their LCCAs (Peterson [12] , Walls and Smith [14] , Papagiannakis and Delwar [4] , Ozbay et al. [2] , Yu et al. [6] , Morgado and Neves [25] , Babashami et al. [19] , Flannery et al. [3] . Existing literature also depicts between 50% to 70% of agencies are not incorporating RUCs in their LCCA analysis [2, 3] . There is some contention that RUCs hinder the LCCA process [25] but literature generally agrees that RUC are required for an accurate LCCA. The NCHRP Synthesis 494 goes as far as to say that "one of the great advances in public-sector infrastructure management and decision making has been the more widespread assessment and inclusion of RUCs . . . " [3] .
Morgado and Neves's [25] contention of RUC comes from the finding that on highly trafficked roads, RUCs can often be the determining factor in choosing a project, negating the true purpose of the LCCA. To combat this, both Morgado and Neves [25] and Heravi and Esmaeeli [26] introduced multi-criteria decision tools into pavement LCCA that weighs, among other attributes, RUCs. Alternatively, Papagiannakis and Delwar [4] , Zheng et al. [5] , Yu et al. [6] and Lee et al. [7] developed models that incorporated RUC models into highway agency decision-analyses, especially converting RUC to agency costs equivalent with some discount-factors. Papagiannakis and Delwar [4] presented one of the early computer software programs, outputting the net annualized savings in RUCs from reducing pavement roughness. Zheng et al. [5] incorporated two RUC tools, MicroBENCOST and HDM-4, RUC tools, into the current Canadian asset management system and compared their ability to output RUC-benefit analyses. Yu et al. [6] also presented incorporating work-zone RUCs into China LCCA cost models, relying on agency computations versus software for costs and impacts. Lee et al. [7] presented the use of RealCost and CA4PRS as LCCA tools, validated through the California Interstate 710 Project in Long-Beach (Phase 1), the 1st long-life ACP reconstruction in California.
All these are important additions to the current body of LCCA highway pavement design literature though none properly discuss RUCs integration into the current agency LCCA process. Both Morgado and Neves [25] and Heravi and Esmaeeli [26] attempt to mitigate road user impacts through multi-decision analyses yet do nothing to increase the RUCs accuracies. Papagiannakis and Delwar [4] present a maintenance/rehabilitation decision tool but do not incorporate it into the existing highway LCCA. Zheng et al. [5] review two RUC estimation processes but incorporate them into a benefit-cost analysis not the LCCA process with NPV (net present value) calculation and merely focus more on the comparison of the two models than their use as a LCCA tool. Yu et al. [6] work is meant for Chinese implementation and not state-of-the art in the US. Lee et al. [7] present the use of RealCost and CA4PRS to perform a LCCA but fail to present how it is incorporated into the existing highway construction LCCA process.
The integrated model presented is a contribution to the LCCA body of literature in mitigating RUC inaccuracies through state-of-the-art programs, backed by the FHWA and already in use for many agencies. Unlike previous LCCA literature, this model was also validated through implementation into a working project from the scoping phase. This paper builds off Lee et al. [7] existing research, by integrating the existing suggested FHWA LCCA process.
Research Objectives and Methods
The objective of this paper is to develop a LCCA process that can be easily integrated into existing agency practices, accurately and aptly estimating and incorporating RUCs into the final valuation on urban corridor improvement projects for sustainable maintenance. To address this objective, the researchers: (1) chose an apt highway improvement project, (2) performed a review of agency LCCA processes, (3) integrated state-of-the-art design, RUC and LCCA analysis programs and (4) validated the LCCA process with a recommendation for alternative selection through the chosen project.
Choosing a Project: SR-91 Corridor Improvement Project
The authors sought out a project within an agency with experience using both RealCost and CA4PRS (use is defended below), with large RUC impacts in urban corridor network, with multiple, viable and dissimilar design alternatives and in the scoping phase of project development. The project chosen for this study was the SR-91 CIP which met all requirements: it's within the State of California who has extensive experience with both RealCost and CA4PRS programs, has significant RUCs with an annual average daily traffic (AADT) over 250,000, identified three alternatives (including the no build alternative) and had a project initiation document phase that coincided with the beginning of this study [27] . The integrated model presented is a contribution to the LCCA body of literature in mitigating RUC inaccuracies through state-of-the-art programs, backed by the FHWA and already in use for many agencies. Unlike previous LCCA literature, this model was also validated through implementation into a working project from the scoping phase. This paper builds off Lee et al. [7] existing research, by integrating the existing suggested FHWA LCCA process.
Research Objectives and Methods
Choosing a Project: SR-91 Corridor Improvement Project
The authors sought out a project within an agency with experience using both RealCost and CA4PRS (use is defended below), with large RUC impacts in urban corridor network, with multiple, viable and dissimilar design alternatives and in the scoping phase of project development. The project chosen for this study was the SR-91 CIP which met all requirements: it's within the State of California who has extensive experience with both RealCost and CA4PRS programs, has significant RUCs with an annual average daily traffic (AADT) over 250,000, identified three alternatives (including the no build alternative) and had a project initiation document phase that coincided with the beginning of this study [27] . 
LCCA Process in California Practice
Caltrans (California Department of Transportation) has adopted an LCCA process that is slightly modified from the FHWA process described above. Caltrans requires LCCA be performed on all projects that include pavement installation with few exceptions, defined by the Highway Design Manual (HDM) Topics 612 and 619 [29] . Like the FHWA, Caltrans practice is to perform the LCCA early in the process, both at the scoping of a project and during the Project Approval/ Environmental Document (PA/ED) phase. For this paper, the findings will be presented using the Caltrans LCCA process, which is state-specifically customized with more detailed guidelines, defined below [30] :
Step 1:
Define Pavement Alternatives: the LCCA begins with the selection of pavement alternatives that will accomplish the same performance objectives for a project. The Caltrans LCCA manual includes decision tree flowcharts to guide selection of pavement alternatives but are not shown here as it is outside the purview of this research.
Step 2:
Analysis Period is the duration in which the initial and future costs for project alternatives will be evaluated. 
LCCA Process in California Practice
Analysis Period is the duration in which the initial and future costs for project alternatives will be evaluated. FHWA's Policy recommends at least 35 years [14] . Caltrans uses 20 years for Capital Preventive Maintenance (CAPM) projects, 35 years for a 20-year design life and 55 years for any design life longer than 20 years with the analysis period chosen based on the longest design life of alternatives.
Step 3:
Traffic Data needed to conduct LCCA are as follows: construction year AADT, total truck percentage, 2-axle percentage truck AADT, annual growth rate of traffic percentage, traffic index and lane closure chart. The Caltrans Traffic Data Branch website is used for the traffic demand and truck percentage for the calculation of the Traffic Index (TI) for the pavement design [31] .
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Step 4: Discount Rate is the interest rate by which future dollars are converted to present value. FHWA recommends 3% to 5% [14] and Caltrans 4% [30] .
Step 5:
Future Maintenance and Rehabilitation (M&R) Schedules identify the sequence and timing of future activities that are required to maintain and rehabilitate the pavement over the analysis period. For Caltrans, the M&R schedules are pre-defined within their manual and chosen based on the project and maintenance characteristics. Interim maintenance treatments between each scheduled major activity are converted into an annualized routine maintenance cost in dollars per lane mile for step 6.
Step 6A: Agency Costs are initial, maintenance, rehabilitation, support and service life costs. There is an Agency Cost module in the CA4PRS program which is used to validate cost estimates for initial costs and future maintenance and rehabilitation costs.
Step 6A.1: Initial Construction Costs: for each design alternative, the initial construction costs are determined from the engineer's estimate. Construction costs for mainline and shoulder pavement, base and subbase, joint seals, earthwork and time-related overhead should be included. All non-pavement (i.e., traffic, drainage, specialty, storm water protection), add-on (i.e., minor, supplemental, mobilization, contingencies) and project support costs are not included in the LCCA per policy. Construction costs that will not change between alternatives may be excluded if those costs can be separated from the rest of the estimate.
Step 6A.2: Maintenance Costs include costs for routine, preventative and corrective maintenance.
Caltrans uses annualized maintenance costs per historical, project-backed data and maintenance activities based on "Pavement M&R Decision Trees" prepared by each district and depicted in the LCCA manual.
Step 6A.3: Rehabilitation Costs include costs for all the necessary appurtenance work for drainage, safety and other features.
Step 6A.4: Future Support Costs should be estimated based on the costs identified in the proposed future activity for each alternative. The RealCost Version 2.5-CA program has a default Agency Support Cost Multiplier for these costs.
Step 6A.5: Remaining Service Life Costs is activities whose service life exceed the analysis period and are calculated by prorating the user/agency costs of the activity.
Step 6B: RUC are costs associated with additional travel time and vehicle operating costs incurred by the traveling public through work-zone due to construction traffic delays with lane closures. There are several RUC models and significant literature dedicated to accurate RUC calculations. This paper and Caltrans, use the CA4PRS program (Work-zone module) which is defined below.
Step 6C: Calculating Life-Cycle Costs involves direct comparison of the total life-cycle costs of each alternative at the present value. Future monies are brought to present values through a process called discounting. Caltrans uses the net present value (NPV) approach, shown below:
where F = future cost at the end of nth years i = discount rate n = number of years.
Step 7:
LCCA through Software (RealCost): due to the large quantity of variables and robust data sets from which said variables come from, a program is required for final LCCA. Caltrans uses a California-specific modified form of FHWA RealCost called "RealCost Version 2.5-CA", which is described below along with detailed reasoning and defense of its use [30] .
Life-Cycle Cost Analysis Tools Incorporated

Pavement Design Tools: CalFP and CalAC Software
The SR-91 CIP used CalFP (v1.1) and CalAC (v3.2) for pavement design development (Both CalFP and CalAC were developed by the California Department of Transportation (Caltrans) headquartered in Sacramento, California, USA and available for free download at http://www.dot.ca.gov/hq/maint/ Pavement/Offices/Pavement_Engineering/Software.html). CalFP is a Windows-based program which estimates how much pavement can be rehabilitated under differing traffic closure strategies, considering project design, constraints and lane closures. It is based on historical pavement performance of both rehabilitation and new flexible pavement design and validated through several test tracks. CalAC (v3.2) is a Windows-based program to design rehabilitation alternatives for flexible pavements and follows update of the Caltrans HDM and used for pavement design LCCA inputs [32] .
LCCA Calculation Tool: RealCost Software
The RealCost software was developed to automate FHWA's LCCA methodology, calculating life-cycle values for both agency and RUCs associated with construction and rehabilitation for a highway project (RealCost was developed by FHWA headquartered in Washington, D.C., USA and available for free download at https://www.fhwa.dot.gov/infrastructure/asstmgmt/lccasoft.cfm). The software has the simplified capability to calculate work-zone RUCs with user assumption inputs of work-zone closure duration, though it does not have the capacity to estimate agency costs or to predict service lives for individual construction or rehabilitation activities (inputted by the agency analyst). Although RealCost compares agency and user life-cycle costs of alternatives, the outputs alone cannot be used to identify the best choice for implementing a project [33] .
RealCost was used for this study as it is both the commonly-used and the most apt for agency LCCA analysis. Through an analysis of the LCCA programs currently used by agencies across the US, Rangaraju et al. [18] surmised that the RealCost software was best suited for their agency due to the simplicity, flexibility and user-support offered by FHWA. This decision was further supported by their finding that over half of the states using LCCA software used RealCost either solely or in conjunction with other software. Caltrans has customized RealCost to estimate future M&R costs and improve its efficiencies, leading to the modified RealCost 2.5-CA being the official California LCCA tool [34] . However, one of the drawbacks of this software is the lack of support in the design of the work-zones with some manual inputs required and the determination of RUC values without scheduling of lane closure schedule [35] , which is why the authors have supplemented the RealCost software with CA4PRS.
3.3.3. Schedule-Traffic-Cost Estimate Tool: CA4PRS Software CA4PRS is an integration tool for work-zone analysis with schedule analysis, RUC calculation and agency costs estimating that helps planners and designers select effective and economical highway construction strategies [36] (CA4PRS was developed by the Institute of Transportation Studies at the University of California at Berkeley, headquartered in Berkeley, California, USA, under an FHWA pooled-fund). The software's Schedule module estimates highway project duration, incorporating alternative strategies for pavement design, lane-closure tactics and contractor logistics with their resource mobilization constraints. CA4PRS's Work-zone module quantifies the impact of construction work-zone closures on the traveling public in terms of RUC and a maximum queue length. Agency Cost module in CA4PRS estimates the total project cost for each pavement design alternative based on roadway unit costs incorporated with Caltrans contractors' bid data base and agency support costs with multipliers. The use of CA4PRS is especially beneficial for transportation agencies when it is implemented during the planning and design stages of highway project development to balance schedule (construction production), inconvenience (traffic delay) and affordability (agency budget). CA4PRS supplemented the LCCA analysis as it accurately calculates RUCs based on estimated work-zone durations and its interaction with agency databases. Collura et al. [37] analyzed four RUC programs (QUEWZ, CA4PRS, CORSIM and QuickZone) finding all models apt for projecting construction work-zone impact on road users. With all the main RUC programs having an equal valuation, the researchers chose to incorporate CA4PRS as the FHWA and AASHTO endorsed it as a priority, market-ready technology ready for nationwide deployment and also the International Read Federation granted 2007 Global Road Achievement to CA4PRS [38] . It has been used to minimize total construction costs for urban freeway reconstruction [36] , aided integration analysis, (i.e., lane closure scheduling analysis + work-zone RUC calculation +Agency costs estimate) in an accelerated urban highway rehabilitation project [39] and has been validated through several major highway rehabilitation projects in several states including California, Washington and Minnesota [38] .
As this paper is focused on RUC calculations and the CA4PRS software used to calculate them, a discussion on these methods is warranted. The most commonly used method for estimating traffic delay associated with CWZ closures is a Demand-Capacity model, where the demand for the CWZ is measured from historical data and the capacity is estimated using the HCM (Highway Capacity Manual). Detailed delay formulas can be found in Chapter 29 of the HCM 2000 [40] . The user delay calculation in the Demand-Capacity model uses traffic demand and roadway capacity. Where the demand exceeds capacity, the road user delay (measured in vehicle-hours) can be estimated by comparing the accumulated demand and capacity curves.
Road user costs refer to the dollar values assigned to three user cost components: (1) user delay (including detour delay) costs, (2) vehicle operating costs (VOC) and (3) crash costs incurred to highway users resulting from lane closure in work zones for construction, maintenance, or rehabilitation. They are a function of: (i) the timing, duration, frequency, scope and characteristics of the work zone; (ii) the volume and operating characteristics of the traffic affected; (iii) and the dollar cost rates assigned to vehicle operating, delay and crashes. User costs are calculated by multiplying the quantity of the various additional user cost components (user delay, VOC and crash) incurred by the unit cost for those cost components. RUC is obtained by multiplying the total delay in vehicle-hours by a dollar value of time.
The Demand-Capacity model in CA4PRS, based on the HCM, coded with Visual Basic and MS Access database to calculate work zone traffic delays in terms of maximum queue length per closure and road user cost (RUC) during highway rehabilitation. The prototype of CA4PRS Traffic module to support in developing the traffic management plan was validated on several highway rehabilitation projects in urban network especially in Southern California, including the I-15 Devore reconstruction project [41] .
An input screenshot and output screenshot of the CA4PRS Work-zone module for RUC calculation is shown in Figures 3 and 4 , respectively. Especially, Hourly Graphs tab in the output shows hourly traffic flow (demand) in comparison with WZ roadway capacity and Summary tab indicates RUC for each direction and hourly travel speed through work zone and hourly queue length as well.
Validation of Proposed LCCA Processes
The above LCCA process which follows the Caltrans seven steps and incorporates the state-of-art programs CalFP, CalAC, RealCost2.5-CA and CA4PRS was validated through implementation on the SR-91 CIP project. The results of said validation are detailed below.
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SR-91 CIP
Step 2: Analysis Period
The "Alternative Design-life" is approximately 40 years and the "LCCA Analysis Period" is 60 years. The LCCA Procedures Manual, recommends using a minimum of 55 years for the analysis period when a long-life pavement design alternative is involved [30] . However, the project team decided to use 60 years for the analysis period to minimize the remaining service life value of the last activity which is consistent with the period of the SR-91 CIP Toll Feasibility Study.
Step 3: Traffic Data
The existing condition of the daily and truck traffic for SR-91 at the time of the PA/ED stage is summarized in Table 2 . As shown in the table, current truck percentages along SR-91 range between five and eight percent. Table 3 summarizes the future traffic in the year 2035 and the TI calculation for the SR-91 GP lanes [28] . As shown in the table, the 40-year TI are all 16.0 for the SR-91 GP lanes and between 11 and 12 for I-15 lanes.
Assumptions for the TI calculations are worth noting. The HDM requires using one-way traffic in AADT in the calculation of TI for the pavement design. However, AADT in traffic engineering is typically represented as both directions of traffic (the current HDM has ambiguity in this specification). Therefore, the ESALs and TIs in Table 2 are calculated using the one-direction of AADT, which is 50 percent of total AADT. Also, AADT for the TI calculation should cover traffic on both GP lanes and Express lanes. Therefore, the TI calculation for SR-91 GP lanes use traffic (one-way AADT of target year) combining the GP and Express lanes for each route. 
Step 4: Discount Rate
The discount rate is four percent as specified in the LCCA Procedures Manual [30] .
Step 5: Future M&R Schedules
Based on the TI calculation for the future design years and the pavement design guidelines in the HDM, the selection of the pavement type (cross-sections and materials) for the initial widening and the sequencing of the future M&R activities are described in detail in the following sections.
Pavement Alternative 1
As indicated in the Caltrans LCCA Procedure Manual used for SR-91 CIP, it was assumed that the long-life PCCP provides 45 years of service-life for a design life of 40 years for the new or widened rigid pavement in the Inland Valley region [30] . The typical sequence and timeline of the future M&R activities for the long-life PCCP follows the guideline in the LCCA Procedures Manual for PCCP new construction and widening for the Inland-Valley Region. The M&R sequencing and timeline are shown in the Summary Section below.
Pavement Alternative 2
As indicated M&R Table R-1, Caltrans LCCA manual, it was assumed that the long-life CRCP provides 50 years of service-life for a design life of 40 years for the new or widened rigid pavement in the Inland Valley region [30] . As CRCP pavement design is rare in Caltrans practice, some details of the design, analysis and estimate relied on the Caltrans new CRCP design guideline: Continuously Reinforced Concrete Pavement Design and Construction Guide [43] . The M&R sequencing and timeline are shown in the Summary Section below.
Summary of M&R Activities
The summary of M&R activities is shown below in Table 7 , Section 4.6.2, depicting the scheduling of future M&R for the SR-91 CIP project. The last M&R activity scheduled at the end of the analysis period for each of the LCCA alternatives (i.e., 3rd M&R PCCP CAPM (CPR A) for the SR-91 PCCP at year 60 listed above) is not included in the M&R sequencing. No life cycle cost for that last activity is charged to the analysis period.
Step 6: Total Life-Cycle Cost Estimate and Analysis
Once the design details for pavement cross-sections, M&R sequencing and timeline are established, the next step for the LCCA is to estimate project costs for each of the LCCA alternatives from initial widening to the last M&R activity. In summary, life-cycle costs for SR-91 CIP consists of (1) agency costs (i.e., pavement costs and support costs for initial (widening and rehabilitation) construction, future rehabilitation and annual maintenance cost), (2) work-zone RUC and (3) toll loss (as part of agency revenue reduction) on the express lanes during rehabilitation, as summarized below. CA4PRS Agency Cost module is primarily used for validation in conjunction with Caltrans bid database for the agency costs estimate (i.e., initial cost and M&R costs in the future). This is summarized below. To ensure clear and consistent estimates, unit cost per unit area for the pavement cross-sections of each LCCA design alternative is calculated. The total pavement cost for each design alternative is then calculated by multiplying the unit price per unit area by the whole area of the roadway pavement. Although the procedure of using the pavement unit rates per unit area as used in the project cost estimates in the Project Report is slightly more complicated than typical cost estimate procedures of using pavement unit rates per volume, it provides more flexibility to cover various types of pavement cross-sections for the LCCA alternatives of the SR-91 CIP as the result of the cost estimate for the both methods is the same.
The pavement areas used in the LCCA are based on the cost estimate data contained in the SR-91 Project Report [42] Caltrans has annual maintenance costs based on pavement cross-section classifications. Table 7 depicts the annual maintenance costs per lane-mile. The total annual maintenance costs per alternative are calculated by taking the design life multiplied by the annual maintenance cost multiplied by the lane-miles (≈2/3 mile per ramp) and summing up all maintenance activities. The pavement cost per unit area used for initial costing was also used for the cost estimate of the future rehabilitation costs. This procedure is slightly different from the cost estimate recommendation in the LCCA user manual providing a typical lane-mile cost ($/lane-mile) for future rehabilitations but it gives a more accurate estimate for various pavement cross-section types. Tables 8-10 depict the Rehabilitation costs for the SR-91 lanes, I-15 lanes and SR-91 ramps respectively. The CA4PRS program (Agency Cost module) supplies Caltrans with "support cost multipliers" based on historical trends to cover non-pavement items during construction such as design engineering, traffic handling and control and project management cost. All factors used in the cost estimate adjustment to cover the non-pavement items and indirect items result in an overall multiplier of 2.09. The LCCA states that initial costs should not include supporting costs but the rehabilitation activities' agency supporting costs will differ significantly and should be included in the LCCA. The multiplier's use is shown in Tables 8-10 to cover full rehabilitation costs. 4.6.5.
Step 6A.5 Remaining Service Life Costs As stated in Step 2: Analysis Period, the project team decided to use an analysis period that minimized the remaining service life value of the last M&R activity. Therefore, remaining service life costs were minimal to none and not included in the analysis.
Step 6B RUCs and Toll Fee Revenue Loss during M&R
The RUC in the work-zone with lane closures during the future M&R construction on the SR-91 and I-15 GP lanes are considered (calculated and included). The RUC evaluation is based on the estimate of construction schedule (duration of the lane closures) and future forecast traffic volumes for each construction activity using CA4PRS. It is assumed that the lane closures in the work-zone take place at night, a minimum of two lanes closed for approximately seven hours, as typical Caltrans practice in urban corridor, to balance construction productivity and delay impact. A summary of 7-h night closure numbers for the future M&R construction activities for SR-91 and I-15 lanes is listed in Table 11 , estimated by the Schedule module in CA4PRS. The Input and Output screens for the CA4PRS are also shown in Figures 5 and 6 . Table 11 . Number of 7-h Night Closures for Future M&R Activities Construction (Modified from Caltrans [42] ). Traffic hourly volumes for lane closures in the work-zone during the future M&R construction are generated for RUC calculations in the work-zone using the hourly traffic volume percentage of the existing condition (2008) from PeMS (Caltrans traffic database system) data and forecast AADT from the SR-91 CIP Traffic Report [28] . For simplicity, typical locations for each route is selected for the RUC analysis, using Caltrans PeMS hourly traffic data which is embedded in CA4PRS Work-zone module. It is further assumed that the traffic in the GP lanes and Express lanes increases annually about one percent after year 2035, end of forecast traffic. Hourly time values announced by Caltrans (i.e., $11.51 for a passenger car ($10.46 per car × 1.1 persons on average) and $27.83 for a commercial truck) were used for the RUC calculation in the study [30] .
RUC calculations were not performed for the initial widening construction because the roadway widening does not involve major lane closures on the mainline. Furthermore, if there are minor lane closures needed during the widening construction, the lane closure schemes are the same (or similar) between the widening design alternatives. In other words, lane closure tactics for the PCCP widening or ACP widening construction for SR-91 GP lanes and I-15 Express lanes and associated ramps are assumed to be the same between the LCCA comparison alternatives (PCCP versus ACP). Therefore, the RUC during the initial widening construction between the LCCA alternatives (PCCP versus ACP) even out and are not included in the delay cost. As a conclusion of the work-zone RUC calculation on the rehabilitation activities, 7-hour lane closures of the SR-91 GP and I-15 lanes, except SR-91 ramps widening as described below, do not create any major queue delay if each direction of roadway in the work-zone has a minimum of three lanes open. This assumption is feasible in most locations along the corridors with the provided lane configurations after the SR-91 and I-15 CIP widening. This is expected even in the years 2035 and 2065 if three GP lanes are open in each direction. Even though I-15 road users will not be substantially impacted, there is an expected toll fee revenue loss, as kind of an agency cost, on the I-15 Express lanes during M&R construction due to express lanes closure. Be noted that SR-91 and I-15 GP lanes are toll fee free public freeways, as the typical in the US.
Traffic handling for M&R construction is assumed to require the two I-15 Express lanes in the future condition to be closed (one lane for construction access and one lane for the other lane's rehabilitation) during a typical 7-hour window during the night with a detour of the toll traffic to GP lanes. This is depicted in Table 13 with Alternative 2 having a toll loss $217,000 greater than Alternative 1. Finally, the analysis performed by the CA4PRS software depicted costs borne by the road users (RUC) in the rehabilitation (widening) of the SR-91 ramps, shown in Table 14 , amounting to one million dollars for Alternative 1 and 2.5 million dollars for Alternative 2. Alternative 2's higher RUC and toll loss is due to the ACP service life being 10 years, requiring 5 rehabilitation activities.
4.6.7.
Step 6C: Calculating Life-Cycle Costs Calculating life-cycle costs involves direct comparison of the total life-cycle costs of each design alternative. However, dollars spent at different times have different present values, the anticipated costs of future rehabilitation activities for each alternative need to be converted to their value at a common point in time. This process is performed using Equation (1) and depicted in Tables 12-14 . The final step is to bring all total costs to present value, analyze the options and decide on the alternative to be used for the project. As a means of further validating the above process, the calculations of the LCCA in this report are done manually and validated on Excel spreadsheets in conjunction with the analysis tools: CA4PRS and RealCost. Overall, the output of the LCCA from the RealCost software is similar with the manual calculation outputs. Tables 12-14 summarize the major components of the LCCA calculation for the SR-91 GP lanes pavement alternatives, comparing the LCCA baseline of long-life PCCP and its alternative of long-life CRCP with a summation of the costs for the initial roadway widening, the future M&R construction and annual maintenance. The life-cycle costs are shown in two formats: discounted cost (present value) versus un-discounted cost. From a NPV or discounted analysis, Alternative 1 is the more cost-effective option in all categories and for all segments.
LCCA Conclusions and Recommendation for SR-91 CIP
The conclusion of the LCCA study are as follows: using the long-life PCCP on the SR-91 GP and I-15 Express lanes and on the SR-91 ramps is about $32 million (or 30%) more cost effective from the perspective of LCCA (NPV), compared to the alternative, which includes CRCP for the SR-91 GP lanes and ACP for the I-15 Express Lanes and SR-91 Ramps. More specifically, the total life-cycle cost of PCC pavement for the SR-91 GP and I-15 Express lanes and the SR-91 ramps is about $110 million, as a sum of $77 million for SR-91, $22 million for I-15 and $11 million for the SR-91 ramps. Whereas, the total life-cycle cost of CRCP on SR-91 and ACP on I-15 and the SR-91 ramps is about $141 million, as a sum of $83 million for SR-91, $38 million for I-15 and $20 million for the SR-91 ramps. These differences in the results originate from Alternative 2's higher initial costs and ACP's shorter life-span, requiring three more rehabilitation activities. The ultimate recommendation was Alternative 1. The cost breakdown is in Table 15 .
Post-LCCA study status of the SR-91 CIP: the SR-91 CIP Project construction started in 2014 and is successfully completed in late 2017 at about $1.4 B investment. The pavement design strategies recommended in the PA/ED study based on the LCCA summarized in this paper were primarily adopted into the final design stage with some adjustments during the design-build phase [45] . (a) Toll loss is treated as an agency cost.
Conclusions
Life-Cycle Cost Analysis (LCCA) is strongly recommended by FHWA on all projects over $25 M and a requirement within many states. From the researcher's literature review, one of the most significant issues with agencies performing the LCCA is incorporating RUCs into their analysis, with nearly 70% of agencies not including RUCs at all. Per the NCHRP 494 Synthesis on LCCA for highway pavement management, the RUCs are significant and required input for proper decision analysis. The paper even goes on to say RUCs are "one of the great advances in public-sector infrastructure management and decision making" [3] .
There is a gap between literature's best practices and industry's practice concerning the LCCA process, the inclusion of RUCs and integration analysis with pavement design tools. Agencies often do not include RUCs because they are inaccurate and unreliable and/or they do not have any RUC processes to support their decision makers [2, 3] . This paper presents a LCCA process that incorporates an accurate RUC analysis program based on its schedule estimation for work-zone lane closures, Construction Analysis for Pavement Rehabilitation Strategies (CA4PRS), into the existing LCCA process. In using it for a California project, the SR-91 Corridor Improvement Project, the process chose an apt alternative resulting in an estimated life-cycle-cost savings of $32 M for Caltrans.
Through the effort to incorporate the CA4PRS and RealCost software into the existing LCCA process, it is our contention that this process can be replicated with similar cost savings on projects across the US and metropolitan areas in other countries. However, some previous literature has been wary of using RUCs without weighting modifiers due to their high impact on project LCCAs, especially mega-projects with major traffic concerns. This could potentially be a limitation of the model presented above but could also be a potential advocate of using this model as it increases the accuracy of RUCs. Agency decision-makers can use this tool but ultimately must make judgements based on all the data and previous experience on hand.
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